The radioactivity concentrations of 226 Ra, 232 Th and 40 K in 24 samples of natural and manufactured building materials commonly used in Bangladesh were measured using HPGe gamma ray spectrometer. The results in the present study were compared with the world average and also with the reported data available in literature. The radium equivalent activity, the absorbed dose rate, annual effective dose, external and internal hazard indices, gamma index, alpha index, annual gonadal dose equivalent and excess lifetime cancer risk were also evaluated to assess the potential radiation hazards associated with these building materials. All samples under investigation were found to be within the recommended safety limit and do not pose any significant radiation hazards. This study can be used as a reference for more extensive studies of the same subject in future.
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Bq•kg −1 and 400 Bq•kg −1 , respectively [1] . There has been increased trend of public worldwide in using ceramic tile, stone, marble, granite, etc., due to their polished surface, decorative and different attractive colors, as building materials. The ceramic tiles are generally made of a mixture of different raw materials including clays, quartz materials and feldspar that has been pressed into shape and fired at high temperature. The marble, on the other hand, is a metamorphic rock composed of recrystallized carbonate minerals, most commonly calcite or dolomite. It is extracted from the mountains and after mining it is transported to marble factories in various cities. Granite is the best-known igneous rock. It is composed mainly of quartz and feldspar with minor amounts of mica, amphiboles, and other minerals. A common opacifying constituent of glazes, applied to these materials, is zircon that may cause natural radioactivity concentration significantly higher than the average values for building materials [2] [3] [4] .
The worldwide average indoor effective dose due to gamma rays from building materials is estimated to be about 0.4 mSv per year [5] . Radiation exposure of the population can be increased appreciably by the use of building materials containing this normal levels of natural radioactivity. It has been demonstrated in various studies that, if building materials with high natural radioactivity concentration are employed, dose rates indoors will be elevated accordingly [2] . Knowledge of basic radiological parameters, such as radioactive contents and their activity concentrations in building materials is, therefore, very much important in the assessment of possible radiation exposure of the population, as most people spending approximately 80% of their lifetimes surrounded by building materials at home and/or at the office [6] [7] [8] .
The specific activities of 226 Ra, 232 Th and 40 K in the building raw materials and products mainly depend on geological and geographical conditions as well as geochemical characteristics of those materials [1] [9] . To date, a great attention has been paid to determining radionuclide concentrations in building materials in many countries [3] [9]- [19] . However, for Bangladesh, there is only a few experimental data [7] [20] [21] [22] available in literature regarding the radioactivity of building materials. Mollah et al. [20] found a somewhat higher level of activity in building materials than in other countries. Roy et al. [21] later carried out an extensive study on the radioactivity in various types of brick samples fabricated and used in Dhaka City and its suburbs. The activity levels in brick samples were found to be consistent with some of that reported in literature. Recently, Asaduzzaman et al. [7] and Roy et al. [22] K and their associated radiological hazards parameters mentioned above were compared with the available experimental data.
The rest of this paper has been organized as follows. Section 2 outlines the experimental procedure. In Section 3, we have presented and compared our results systematically with available measurements. Section 4 contains the conclusion on the present findings.
Experimental Procedure

Sample Collection and Preparation
A total of 24 samples of 5 different kinds of building materials used for dwelling in Bangladesh were collected from the dealers. Sample preparation and all radioactivity measurements were performed in the Health Physics Division, Atomic Energy Center (AEC), Dhaka, Bangladesh. The building materials investigated are stone 5 samples, sand 5 samples, cement 5 samples, ceramic tiles 7 samples and marble 2 samples. The samples each about 1 kg in weight were dried in an oven at about 110˚C to ensure that moisture is completely removed.
Each of the dried samples (except cement) was grounded to fine powder in an agate motor separately. The powdered samples were then sieved using a fine aperture mesh screen (mesh size 2 μm) in order to remove extraneous items like plant material, roots, pebbles etc. and to obtain a fine grained sample that would present a uniform matrix to the detector. Finally, the grounded samples, approximately 250 -550 gm of each, were transferred to cylindrical plastic-container (6.5 cm diameter × 7.5 cm height). The containers were then labeled properly and sealed tightly, rapped with thick vinyl tapes around their screw necks. The samples were stored for at least 4 weeks before counting in order to attain secular equilibrium.
Gamma Spectroscopic Measurements
To qualitatively identify the contents of radionuclides in studied building materials and to quantitatively determine their activities, all prepared samples were subjected to gamma spectral analysis with a counting time of 5000 s. 
where A ∆ is the uncertainty of the sample measurement and N ∆ , 
Estimation of Radiation Hazards
To assess the radiological hazards originating from building materials, several hazard indices have been suggested by a number of investigators [2] [12]. These measures include the radium equivalent activity, the absorbed gamma dose rate in the indoor environment and the corresponding annual effective dose, the external and internal hazard indices, the alpha index (internal index), the gamma activity concentration (gamma index), annual gonadal dose equivalent, excess lifetime cancer risk, etc. In the present study, the aforementioned hazard indicators were estimated to evaluate the potential radiation risks arising from the use of the studied building materials. , respectively [25] . The contribution of terrestrial gamma radiation to absorbed doses in air was thus calculated using the following formula:
The absorbed dose rate in air at 1 m above the ground surface does not directly provide the radiological risk to which an individual is exposed. The absorbed dose can be considered in terms of the annual effective dose equivalent from outdoor terrestrial gamma radiation which can be estimated by taking into account the conversion coefficient from absorbed dose in air to effective dose and the outdoor occupancy factor. In the present study, a dose conversion coefficient of 0.7 Sv•Gy −1 and an outdoor occupancy factor of 0.2 were used as recommended by UNSCEAR [25] . The annual effective dose equivalent was calculated from following equation:
eff μSv y nGy h 8760 h y 0.2 0.7 Sv Gy 10 .
The external hazard index ex H was calculated using the model proposed by
Krieger [26] , assuming thick walls without windows and doors, as 
The ex H index must be less than unity so that the annual effective dose due to radioactivity in the material will be ≤1. 
For the utilization of a building material to be considered safe, in H must be less than unity.
To limit the excess gamma radiation originating from building materials, an index, known as gamma index, is defined as a screening tool for categorizing materials used in construction. It is assumed that activity concentrations of 300 
Results and Discussion
Activity Concentrations
The measured dry weight activity concentrations of the main gamma emitting radionuclides of the 226 Ra series, 232 Th series and 40 K in 5 different kinds of building-material samples are reported in Table 1 . The activities of the radionuclides are given in Bq•kg −1 and the ± values are due to the 1σ variation of counting uncertainties. The mean specific activities are compared in Figure 1 .
As can be seen in Table 1 It is worth mentioning that for all studied building materials, the average measured radium activities were found to be greater than the thorium activities.
The possible reason for the higher values of uranium is that the Padma river flows, as the Ganges, through Bihar in India, where there is a uranium mine. The Brahmaputra, Surma and Kushiyara rivers flow through Assam in India, where there is a uranium deposit. Thus, it is likely that the traces of uranium and its decay products are carried with the water flow through these rivers, causing the uranium level to be somewhat higher in Bangladesh.
Hazard Indices
Various hazard indices associated with the radioactivity of the studied building materials and evaluated by using Equations (3)- (11) are presented in Table 3 . The greatest part of the gamma radiation comes from terrestrial radionuclides. There is a direct connection between terrestrial gamma radiation and radionuclide concentrations. (for tile) and these values are below the world average. The annual effective dose equivalents, D eff calculated from the outdoor terrestrial gamma radiation for the studied 24 building materials are listed in Table 3 . The values of D eff for the studied samples, except again for three tile samples (CT3, CT6, CT7), are clearly smaller than the world average value of 70 Sv•y −1 [1] .
Since γ-rays emitted from building materials can easily travel long distances within the surrounding environment, human beings may continuously exposed by gamma radiation and adverse health effects may occurred via extended period of exposure. Thus, the representative gamma-index ( I γ ) finds great significance to understand the health hazards from gamma-radiation exposures. Furthermore, external hazard index ( ex H ) is often used to characterize the building materials to set up a limiting value on the acceptable equivalent dose or to limit the external γ-radiation dose. It is observed in Table 3 that the mean values of I γ are below the criterion of 0.5 corresponding to an annual effective dose 0.3 mSv except for the ceramic-tile samples CT3, CT6 and CT7. The mean values of I γ for these samples (0.68, 0.61 and 0.54 respectively) are below the criterion of unity corresponding to an annual effective dose of 1 mSv. All the present ex H values are lower than the critical value of unity. Some building materials such as fly-ash and cement can easily be inhaled by people and then the α and β emitters can easily be attached to the living cell of the respiratory organs, causes the cell damage as well as create cancer. For these reasons internal hazard index ( in H ) and alpha index ( I α ) are often used Journal of Environmental Protection to characterized building materials. As seen in Table 3 , the present mean values of I α and in H range from 0.06 ± 0.01 (for stone) to 0.19 ± 0.10 (for ceramic tile) and 0.21 ± 0.03 (for marble) to 0.41 ± 0.19 (for ceramic tile), respectively, and all these values are below the critical value of unity.
The activity bone marrow and the bone surface cells are considered as the organs of interest [25] . Two hazard indices, annual gonadal dose equivalent (AGDE) and associated excess lifetime cancer risk (ELCR), are significant to assess the potential radiation hazard due to the specific activities of 226 
Conclusion
A total of 24 samples of 5 different kinds natural and manufactured building materials used for dwelling in Bangladesh were analyzed for 226 Ra, 232 Th and 40 K employing gamma spectrometry system equipped with a high-resolution HPGe. The mean concentrations of the above mentioned radionuclides measured in this study were found to be within the typical global range and also compared suitably with the literature values. The measured activity concentrations were also used to estimate several radiological parameters that served to qualify and quantify the radiological hazard associated with the studied building materials. The radium-equivalent activities for the studied building materials were also below the criterion limit of γ-radiation dose of 370 Bq•kg −1 . The values of internal and external hazard indices for all investigated samples were found to below the unity. The mean annual effective dose equivalents calculated from the outdoor terrestrial gamma radiation for structural building materials were seen to be within the recommended safety limit. The use of these materials in construction of dwellings may, therefore, be considered as safe for inhabitants. As a conclusion, the data reported herein can be used to enlarge the database on natural radioactivity in building materials commonly used in Bangladesh and to support technical aspects in hazard exposure reduction.
